ABSTRACT: Six Holstein steers (381 _+ 11 kg BW; mean f SEI surgically fitted with hepatic portal ( n = 6), hepatic venous ( n = 4), mesenteric venous, and arterial catheters were used in a replicated crossover design experiment to evaluate the influence of monensin addition to an alfalfa hay diet on net portal and hepatic nutrient flux. Steers were fed 6.5 kg of DM/d in 12 portions using automatic feeders. Diets included chopped alfalfa hay (20.4% CP) plus 418 g of DMid of finely ground corn (8.5% CP) with monensin added (240 mg/d) for treated steers. Experimental periods lasted 21 d, with blood samples taken on the final 2 d of each period. Five sets of arterial, portal, and hepatic blood samples were collected hourly from 0900 to 1300 each day. Ruminal fluid samples were collected by stomach tube at the end of each sampling day for VFA analysis. Blood flow was determined by a primedcontinuous infusion of p-aminohippurate into the mesenteric venous catheter. Addition of monensin increased ( P = .04) the molar percentage of ruminal propionate and decreased ruminal isobutyrate ( P = .02) and isovalerate ( P = .03). Percentages of the other ruminal VFA, total ruminal VFA concentration, and pH were not affected by feeding monensin. The arterial concentrations of L-lactate ( P = .02) and 0-hydroxybutyrate ( P = .01) were greater with monensin; however, none of the arterial concentrations of the other metabolites was changed. Feeding of monensin also did not affect ( P > . l o ) portal, hepatic, or hepatic arterial blood flow. Portal-arterial differences in glucose concentration and net portal flux tended ( P = . l o ) to be greater with monensin. Net portal fluxes of isobutyrate ( P = .08) and 3-methylbutyrate ( P = .Ol> were decreased by feeding monensin, whereas net fluxes of the other blood VFA were not affected ( P > .lo). Net hepatic and total splanchnic flux of glucose, L-lactate, P-hydroxybutyrate, acetate, propionate, or butyrate were not affected ( P > . l o ) by feeding monensin. Changes in VFA net absorption from feeding monensin were not consistent with its role in increasing ruminal propionate production, and total net portal energy flux did not change. These results are not consistent with the role of monensin in improving feed efficiency directly through increased ruminal propionate production.
arterial catheters were used in a replicated crossover design experiment to evaluate the influence of monensin addition to an alfalfa hay diet on net portal and hepatic nutrient flux. Steers were fed 6.5 kg of DM/d in 12 portions using automatic feeders. Diets included chopped alfalfa hay (20.4% CP) plus 418 g of DMid of finely ground corn (8.5% CP) with monensin added (240 mg/d) for treated steers. Experimental periods lasted 21 d, with blood samples taken on the final 2 d of each period. Five sets of arterial, portal, and hepatic blood samples were collected hourly from 0900 to 1300 each day. Ruminal fluid samples were collected by stomach tube at the end of each sampling day for VFA analysis. Blood flow was determined by a primedcontinuous infusion of p-aminohippurate into the mesenteric venous catheter. Addition of monensin increased ( P = .04) the molar percentage of ruminal propionate and decreased ruminal isobutyrate ( P = .02) and isovalerate ( P = .03). Percentages of the other ruminal VFA, total ruminal VFA concentration, and pH were not affected by feeding monensin. The arterial concentrations of L-lactate ( P = .02) and 0-hydroxybutyrate ( P = .01) were greater with monensin; however, none of the arterial concentrations of the other metabolites was changed. Feeding of monensin also did not affect ( P > . l o ) portal, hepatic, or hepatic arterial blood flow. Portal-arterial differences in glucose concentration and net portal flux tended ( P = . l o ) to be greater with monensin. Net portal fluxes of isobutyrate ( P = .08) and 3-methylbutyrate ( P = .Ol> were decreased by feeding monensin, whereas net fluxes of the other blood VFA were not affected ( P > .lo). Net hepatic and total splanchnic flux of glucose,
Introduction
The polyether ionophore antibiotic monensin has had a profound effect on the cattle feeding industry in the United States. The greatest role of monensin is as an additive for feedlot cattle to improve feed eflficiency. Ionophore antibiotics are characterized by their effects on ruminal fermentation: they increase production of propionate (Van Maanen et al., 19781 , aid in the control of acidosis through decreased ruminal Llactate (Nagaraja et al., 1985) , decrease ruminal proteolysis (Shelling, 19841 , and decrease ruminal methane production (Benz and Johnson, 1982) . All of these effects of ionophore antibiotics probably make some contribution to the increased feed efficiency seen with ionophore feeding. Monensin is also efficacious in the forage-fed animal, improving both feed efficiency and weight gain (Bergen and Bates, 1984) .
Previously we have sought to characterize the relationships between the changes that occur in ruminal fermentation with ionophore addition and those that occur in the nutrients that are released from the portal-drained viscera in animals fed highconcentrate diets (Harmon and Avery, 1987; Harmon et al., 1988; 1989) . In only one experiment has the effect of monensin on nutrients released from the portal-drained viscera ( PDV) been evaluated in animals fed forage (Harmon et al., 1988) . In that experiment blood flow and net flux of several nutrients decreased upon withdrawal of monensin from the diet of two steers. These changes were much greater in magnitude than those reported previously in animals fed high-concentrate diets with chronic monensin inclusion.
Currently there is no published information describing the net hepatic metabolism of nutrients in animals receiving ionophores, and only limited information exists describing net PDV and hepatic metabolism of nutrients for animals consuming forage. Because monensin increases ruminal propionate production, it is hypothesized that feeding monensin will alter the pattern of absorbed nutrients to reflect an increased energetic efficiency. The objectives of the present study were to determine net portal and hepatic nutrient flux in steers consuming alfalfa hay and t o evaluate the effects of monensin feeding.
Materials and Methods
Six Holstein steers (average BW 381 * 10 kg; mean k SE) were used in a replicated crossover design experiment to determine the influence of addition of monensin t o an alfalfa hay diet on net portal and hepatic nutrient flux. Hepatic, portal, and mesenteric venous catheters and a mesenteric arterial catheter were surgically placed in steers as described previously (Harmon et al., 1991b) . The experiment was conducted from November through February, starting approximately 5 mo after surgery. Steers had all received fescue hay for 3 mo before the start of the experiment and were in similar nutritional conditions. Steers were housed in a tie-stall barn at ambient temperatures, except that supplemental heat was provided to maintain temperatures > 12°C at all times. They had free access to water and, based on rectal temperatures, appearance, and behavior (observed daily), steers were in good health.
Diet. Alfalfa hay (average 20.4% CP) was chopped through a 2.5-cm screen and fed to equal intakes (approximately 6 kg of DM) in 12 portions daily. In addition, steers received 418 g (DM) of a finely ground corn mixture (average 8.5% CP; containing 88.9% corn, 11% trace-mineral salt5, and 31 IU of vitamin Alg) distributed with the 12 portions of alfalfa daily. The supplement was formulated to supply 300 mg of monensin daily for the treated steers; however, based on supplement analysis (Lilly Research Labs, Greenfield, IN) , they actually received 240 mg daily. Nutrient consumption of the steers exceeded maintenance requirements for CP, Ca, and P (NRC, 19841, and Sampling. Each experimental period lasted 21 d. Simultaneous samples of arterial, portal, and hepatic blood (30 mL form each site) were collected hourly from 0900 to 1300 on the final 2 d of each experimental period. Ruminal fluid (100 mL) was collected by stomach tube immediately after the final blood sample on each day. The first 50 mL of ruminal fluid collected was discarded to avoid salivary contamination of the sample. Additional procedures for sample collection, blood flow measurement, sample processing, and analytical methods have been described (Harmon et al., 1991b) .
Design and Stutistics. The steers proceeded through the experiment in pairs, such that only two steers were sampled on any given sampling day. Each steer received each treatment twice, comprising four experimental periods. The treatment sequence was reversed in the latter two periods to allow testing of sequence effects (Cochran and Cox, 1957 ). The experimental model included sequence, steer within sequence, period, and treatment effects, with the residual sums of squares used as the test term. Means were generated for each day's blood samples and analyzed using the GLM procedure of SAS (1985) . Calculations for net flux were performed using daily means as described previously (Krehbiel et al., 1992) . A positive net flux indicates production or release of a metabolite from an organ, whereas a negative sign indicates uptake. Data for portal blood flows and net flux include six steers; however, two hepatic catheters were nonfunctional shortly after surgery, and thus hepatic blood flow and net flux data include four steers per treatment. Additionally, one steer with portal and hepatic catheters was omitted from the latter two sampling periods because of loss of its mesenteric infusion catheter and was treated as a missing observation. At no time was treatment sequence a significant source of variation ( P > .20).
Treatments were considered unaffected by a treatment if P > .lo.
Results
Intakes were restricted to ensure rapid and complete consumption of each meal and averaged 1.7% BW for the experiment (Table 1) . Feeding monensin did not affect ruminal pH, molar proportions of acetate, butyrate, or valerate, or total VFA concentration (Table 1) . Molar proportions of propionate increased ( P = .04) and those of isobutyrate ( P = .02) and isovalerate ( P = .03) decreased with monensin feeding. However, the change in molar proportion of propionate was small (5.7%) and resulted only in a tendency ( P = .15) for decreased acetatelpropionate.
Arterial hematocrit was not changed by feeding monensin (Table 2) . Arterial concentrations of Llactate ( P = .02) and P-hydroxybutyrate ( P = .01) increased but concentrations of no other arterial metabolites were affected by feeding monensin. The portal-arterial ( PA) difference in concentration for glucose was greater (less negative; P = .lo) with the feeding of monensin. Feeding monensin decreased the PA differences for isobutyrate ( P = .07) and 3-methylbutyrate ( P = ..01) but did not change PA differences of other metabolites. Hepatic-portal differences in concentration were not affected by feeding monensin, with the exception of 3-methylbutyrate, which was greater (less negative; P = .01).
Neither portal nor hepatic blood flow was altered by feeding monensin (Table 3 ). The net portal flux of glucose increased (less negative; P = . l o ) , whereas those of isobutyrate ( P = .08) and 3-methylbutyrate ( P = .01) decreased. The net portal flux of no other metabolite measured was affected by feeding monensin. The net hepatic flux (uptakes) of isobutyrate ( P = .06) and 3-methylbutyrate ( P = .01) was reduced by feeding monensin. Neither the net hepatic flux nor the net total splanchnic flux of any other metabolite measured was altered by feeding monensin.
Acetate (36 to 37%) and a-amino N (19 to 22%) made the largest contributions to the total net portal energy flux (Table 4) , followed by propionate (18 to 19%). Total net portal energy flux accounted for 47 to 51% of calculated DE and 57 to 62% of calculated ME intakes and was not affected by feeding monensin.
Hepatic extraction ratios of metabolites were generally unaffected by feeding monensin ( Table 5 ) . The exceptions were decreases in 3-methylbutyrate ( P = . l o ) and a-amino N ( P = .OS).
Discussion
The changes in ruminal VF' A proportions are consistent with characteristic changes in fermentation that occur with monensin feeding (i.e., increased molar proportion of propionate Wan Maanen et al., 19781 and decreased proportions of branched-chain VFA). The latter decrease is consistent with the decreased ruminal proteolysis that occurs in steers fed monensin (Schelling, 1984) . The shifts in ruminal VFA proportions in animals fed forage diets have not been as large as those in animals fed grain (Van Maanen et al., 1978) ; our data support that relation between monensin and diet composition, because ruminal propionate proportion increased by only 5.7% (Table 1) .
Feeding monensin causes changes in glucose metabolism. Van Maanen et al. (1978) reported increased irreversible loss of glucose in steers fed grain diets with monensin. However, irreversible loss of glucose was unchanged, despite a 50% increase in ruminal propionate production, in steers fed forage (70% of the diet) in the same study. Based on a smaller shift in ruminal proportion of propionate for the present study (5.7%) compared with the 15% reported by Van Maanen et al. (1978) , one might expect that ruminal propionate production increased by a lesser amount in the present study as well. Benz and Johnson (1982) reported only a 4% decrease in methane loss for steers consuming alfalfa with monensin, suggesting that smaller changes in fermentation might be expected from adding monensin to an alfalfa diet.
Corresponding to the apparent small increase in ruminal propionate in the present study, measured changes in glucose metabolism were minor. Blood concentrations were unchanged, as was net hepatic glucose output (Table 3 ). The most notable change was the decrease in net PDV glucose uptake (less negative). This shift in net glucose utilization by PDV is consistent with previous reports for steers fed a high-grain diet with monensin (Harmon and Avery, 1987) but not for steers fed alfalfa (Harmon et al., 1988) . The antibiotic action of monensin may inhibit bacteria in the lumen of the gastrointestinal tract and thereby spare glucose from microbial degradation, thus making more glucose available for absorption.
This explanation may be plausible in the steer fed grain, but little or no glucose would be available for absorption in the steer fed alfalfa. The effect of monensin that spares gut glucose utilization may be mediated through changes in substrate supply to gut tissues, resulting in decreased gut glucose metabolism. Perhaps the reduced ruminal proteolysis affects amino acid and peptide flows, such that gut tissues utilize amino acids or peptides in lieu of glucose.
A more plausible explanation may be that the increase in ruminal propionate that occurs with monensin feeding is metabolized by gut tissues, thereby sparing glucose. Harmon et al. (1991a) reported rates of propionate metabolism that were two to nine times those for glucose using in vitro incubations of rumen epithelial tissue. These data may suggest a preference for propionate compared with glucose by rumen epithelial tissue. Increasing ruminal propionate may then result in greater metabolism of propionate by rumen epithelial tissue and a sparing of arterially supplied glucose. This is also supported by the lack of a measurable increase in net portal propionate absorption, which is consistent with previous experiments involving monensin feeding (Harmon and Avery, 1987; Harmon et al., 1989) . However, net portal propionate flux increased linearly with increased ruminal propionate infusion in lambs maintained near maintenance energy by total in- aSE = standard error of least squares means; n = 11 for arterial concentration and portal-arterial bProbability that treatments differ. differences, n = 7 for hepatic-portal differences.
tragastric infusion (Gross et al., 19901 , suggesting that ruminal propionate metabolism was constant at this level of energy. Experiments measuring propionate and glucose metabolism directly are needed to clarify how changing ruminal propionate influences metabolism of glucose and propionate by gut tissues.
The lack of a measurable change in net PDV lactate flux in this and previous studies (Harmon and Avery, 1987; Harmon et al., 1989) suggests that if increased quantities of propionate are metabolized by rumen epithelial tissue, lactate is not a major end product. Weigand et al. ( 19 72 1 determined that propionate conversion to lactate averaged only 5% of absorbed propionate in calves. Conversion of propionate to C02 was 3.1 to 4.7 times the rate of conversion to lactate, indicating that oxidation would be the more likely route of metabolism in rumen epithelial tissue (Harmon et al., 1991a) .
Because increases in net PDV propionate flux were not seen, it is not surprising that hepatic glucose output was unchanged. However, if we sum the hepatic uptake of glucogenic precursors, an apparent shortage in the uptake of glucogenic precursors occurs. The hepatic uptake of propionate, L-lactate, and 01-amino N sums to 349 mmolh when steers were fed without monensin and to 278 mmol/h when the steers =Positive numbers indicate production or release of a metabolite, whereas negative numbers indicate bSE = standard error of least squares mean; n = 11 for portal flux, n = 7 for hepatic and total splanchnic CProbability that treatments differ. (Seal and Parker, 1991; Webb and Bergman, 1991) . However, because these net estimates represent a maximal contribution to gluconeogenesis, there remains a substantial proportion of glucose carbon unaccounted for by measurements of net hepatic uptake. Unlike propionate net flux rates, net flux rates of the other VF' A paralleled the changes in ruminal proportions. Acetate and butyrate net flux rates were unchanged, whereas net portal and hepatic flux rates for the branched-chain acids were generally decreased, with net total splanchnic flux rates unchanged (Table  3 ) .
Monensin feeding causes many changes in the N metabolism of the ruminant. The decrease in ruminal proteolysis that occurs with monensin feeding is well characterized (Schelling, 1984) . Despite that decrease, changes in a-amino N net portal flux were not observed in this or previous studies (Harmon and Avery, 1987; Harmon et al., 1988 Harmon et al., , 1989 . Muntifering et al. (1981) determined the effect of feeding monensin on ruminal digestion and microbial protein synthesis in steers fed whole corn diets. Feeding monensin decreased ruminal degradation of feed N and decreased the ruminal synthesis of microbial N. The net result was less microbial N and more feed N but equal quantities of total N flowing to the abomasum. Similar results were reported by Poos et al. (1979) . Steers fed monensin had lower abomasal flows of bacterial N but similar abomasal flows of total N and total amino acids. These studies suggest that the total amino acid supply to the small intestine would not be affected by feeding monensin and net portal flux of aamino N would not be expected t o change. Feeding monensin did decrease ( P = .08) the hepatic extraction of a-amino N (Table 51 , resulting in a slightly greater total splanchnic output of a-amino N. This may be one contribution of the beneficial effects of feeding monensin to increasing the overall N economy of steers.
Ammonia N net portal flux was unchanged by feeding monensin (Table 3 ) . However, urea N net portal flux has been consistently increased (less negative) by feeding monensin (Harmon and Avery, 1987; Harmon et al., 1989) . This effect was not apparent in steers fed alfalfa (Harmon et al., 19881, and urea N net portal flux was only slightly increased in the present study (Table 3) . Starnes et al. (1984) reported that monensin decreases ruminal urease activity, which may be the primary means whereby it increases urea N net portal flux. The increased quantity of N present in alfalfa, combined with feeding 12 times daily may attenuate this response through greater ruminal NH3 N concentrations than those seen in steers fed a high-concentrate diet, making detection of this response more difficult. The comparison of net portal energy flux (Table 4 ) yielded few statistical differences. Values from the present study (62 and 57% of the ME intake accounted for as net portal energy flux) agree well with those of Huntington et al. (1988) for steers fed alfalfa at 65 or 90 g of DM/kg75. They reported that 58 and 63% of the total ME intake was accounted for in the net portal energy flux for the low and high intake, respectively.
Monensin has been proven efficacious in improving both feed efficiency and daily gain in ruminants fed forage. The present data support the results of Benz and Johnson (19821, who reported no differences in digestibility, metabolizability, or the partitioning of ME in steers fed alfalfa with monensin. If a 50% increase in ruminal propionate production occurred (Van Maanen et al., 1978) and 30% of net PDV propionate flux was metabolized in the control treatment (Gross et al., 19901 , this would equate to a ruminal propionate production rate of 443 mmolk with monensin feeding. Net PDV propionate flux in steers fed monensin was 178 mmolk, and thus approximately 265 mmolh may have been unaccounted for. Gut oxygen consumption was not measured in the present study, but if the increased ruminal propionate was oxidized by gut tissues, changes in oxygen consumption could account for the apparent lack of differences in net total energy flux. However, changes of this magnitude in gut oxygen consumption have not been reported, independent of large changes in feed intake. A sparing of other metabolites from gut oxidation, such as glucose, may also attenuate this response. With only a 5.7% increase in the ruminal proportion of propionate it is unlikely that an increase of this magnitude occurred in the present study.
Implications
The influence of monensin on nutrient absorption and metabolism was studied in steers fed alfalfa hay. The measured changes in nutrient absorption are consistent with the role of monensin in decreasing urea net recycling back to the gastrointestinal tract. Changes in ruminal volatile fatty acids support an ET AL.
increased ruminal production of propionate, but no changes were seen in net propionate absorption from the gastrointestinal tract. Overall, these change do little to explain the mechanism by which monensin improves feed efficiency in the forage-fed animal.
